Experimental and quantum chemical calculations have been used to study the adsorption of oleic acid on silica gel derived from rice ash hulls. Characterization of the gel showed that it had a BET specific surface area of 131.7 m 2 /g and a point of zero charge (pzc) at a pH value of 3. A maximum capacity of 0.70 mmol/g was obtained for the adsorption of oleic acid onto the gel at 301 K. The free energy of adsorption, ∆G 0 301 K , was determined as -23.1 kJ/mol. The interaction of propanoic and butanoic acids as models for oleic acid with bare, mono-and di-hydrated silanol has been investigated using B3LYP and CBS-QB3 levels of theory. The dihydrated silanol model gave a ∆G 0 301 K value of -24 kJ/mol at the CBS-QB3 level which is in perfect agreement with the experimental value quoted above.
INTRODUCTION
Fried foods are popular due to their rapid production, low cost, taste, distinctive flavour and crunchy texture. However, it is known that frying oils used continuously or repeatedly at high temperatures in the presence of oxygen and water from the food being fried are subject to thermal oxidation, polymerization and hydrolysis. Peroxides and volatile products are formed due to the thermal oxidation of the oils, while free fatty acids within the range 0.1% to 0.5-0.8% are generated due to hydrolysis of the oils (Kalapathy and Proctor 2000) . The resulting decomposition products adversely affect the flavour and colour of the products (Innawong et al. 2004 ) and are considered a major health risk factor in coronary heart disease, cancer, diabetes and hypertension, and have even been linked to increased causes of deaths (Saguy and Dana 2003) .
Silica and sodium silicates are produced from rice hull ash (de Souza et al. 2002; Yalçin and Sevinç 2001) and their adsorption performance in reducing free fatty acids in frying oil has been reported (Kalapathy and Proctor 2000) . Rice hull ash has been evaluated as an adsorbent in the soybean oil bleaching process and its performance as an adsorbent for pigments, phospholipids, free fatty acids and peroxides was been investigated (Krysztafkiewicz et al. 2003; Topallar and Bayrak 1999; Proctor and Palaniappan 1990; Proctor et al. 1995) .
It is generally accepted that surface silicon atoms tend to have a complete tetrahedral configuration and that in an aqueous medium their free valency become saturated with hydroxy groups (≡Si-OH). The resulting silanol groups, in turn, may condense to form siloxane (≡Si-O-Si≡) bridges (http://www.towson.edu/~debye/chem49x/silica.doc; de Farias and Airoldi 1998). Silanol groups are responsible for the reactivity of the silica surface, with their concentration ranging from 4.3 OH/nm 2 to 6.7 OH/nm 2 (de Farias and Airoldi 1998) .
The subject of the silica surface and its interaction with different types of adsorbates has been addressed by quantum chemical calculations using different levels of theory (Murashov 2003; Civalleri et al. 1998; Suzuki et al. 1995; Del Bene et al. 2003; Pereira et al. 1999; Zwijnenburg et al. 2002; Sauer and Ahlrichs 1990) . Most calculations have concentrated on the structure and active sites of silica. However, to the best of our knowledge, no previous theoretical investigation has been undertaken on the interaction of silica with oleic acid. In this respect, we believe that quantum chemical calculations can provide a good tool for reproducing and interpreting the corresponding experimental data.
In the present work, silica was prepared from rice hulls and characterized, and theoretical calculations and experimental studies were carried out on the adsorption of oleic acid onto silica. Oleic acid was chosen as a representative example of the free fatty acids generated in oil during the frying of foods. The free energy of adsorption of oleic acid on silica was estimated and compared with that obtained via quantum chemical calculations.
As mentioned above, the key elements determining the adsorption and diffusional behaviour of guest molecules on an external silica surface are silanol groups (Fink et al. 2000) . Fouriertransform infrared (FT-IR) investigations have revealed that the surface of amorphous silica is covered with silanol groups (Zecchina et al. 1992) . The higher moisture content of the prepared silica samples prompted us to use hydrated silanol as a representative of the silica surface. However, both bare and hydrated silanol have been considered for comparative purposes. We have investigated bonding involving one and two hydrogen bonds between the water molecule and the silica model, the latter being that of the most stable conformation based on investigations of different modes of interaction with one and two water molecules (Saengswang et al. 2005) . Similarly, previous studies on the reaction of different fatty acids with a silica surface (Topallar and Bayrak 1999) have indicated that the carboxylic group is the most active part of these molecules, with interaction between fatty acids and a surface occurring via hydrogen-bond formation between the carboxyl group and silanol -OH groups on silica. For this reason, we have used propanoic and butanoic acids as models of the long chain oleic acid.
EXPERIMENTAL

Preparation of silica from rice hulls
Rice hulls were pyrolyzed in a muffle furnace at 823 K to produce rice hull ash as a greyish powder. This ash (90 g) was boiled with 3 l of 1 M aqueous NaOH solution for 1 h on a hot plate with constant stirring. The contents were then filtered through a filter paper and the residue washed with 1 l of boiled distilled water. The resulting filtrate (sodium silicate solution) was allowed to cool to room temperature and then titrated very slowly with constant stirring against 1 M H 2 SO 4 until a pH value of 10 was attained. This led to the formation of a soft gel which was allowed to age for ca. 24 h. After ageing, the gel was gently broken up with a spatula and centrifuged for 10 min at 2500 rpm. The clear supernatant solution was discarded and each gel sample washed five times with distilled water. The gel samples were then spread on Petri dishes and dried in a vacuum oven for 15 h at 353 K and a pressure of 45-48 mmHg. The dried silica was ground and stored in plastic bottles for further study.
Silica characterization
The BET specific surface area of the silica samples was measured at 0 K by means of a Quantachrome NOVA automated gas sorption system using nitrogen as the adsorbate. All measurements were undertaken after heating the sample up to 403 K and evacuating at a pressure of 10 -4 Torr for 2 h.
Zeta potential measurements were performed by mixing 0.01 g silica with 50 ml of a 0.01 M KCl solution. The pH of the resulting suspension was adjusted to the required value and stirring continued for 30 min. After conditioning, the suspension was then left for another 30 min to allowing settling before measurements which were performed using a Zetasizer 2000 instrument (Malvern Instruments Ltd., London, U.K.).
The moisture content of the samples was determined by placing 2 g silica on a watch glass and heating at 403 ± 3 K for 1 h in an air oven. The sample was cooled in a desiccator and weighed. The loss in weight was taken as being equal to the moisture content of the sample (Kamath 1998). The silica samples were analyzed for their Na, K, Fe, Zn, Mn, Cu, Ca and Mg content by nitric acid digestion (Kamath 1998) and subsequent measurement using an ELMER atomic absorption spectrophotometer.
Adsorption of oleic acid onto silica
For such measurements, the necessary concentrations of oleic acid were obtained by dissolving the acid in 96% hexane and then placing 10 ml volumes of the resulting solutions into a series of tubes. A known amount (0.5 g) of silica was added to each tube and the contents shaken for 30 min at 301 K (room temperature) on a vibrator. After such treatment, the various mixtures were allowed to settle and their residual concentrations of oleic acid determined by titration against 0.1 N KOH using phenolphthalein as the indicator.
Quantum chemical calculation methods
All electronic structure and thermochemical analyses in this study were performed using the Gaussian98W suite of programs (Frisch et al. 1998) . Geometric optimizations for the reactants (silanol, hydrated silanol, propanoic and butanoic acids) and products (adsorbed molecules) were undertaken using the Hartree-Fock method with 6-31 + G(d) basis sets, which included diffuse and polarization functions on non-hydrogen atoms. Vibrational frequency calculations were carried out for each stationary point to characterize the nature of stationary points as minima or transition states and to correct energies for the zero-point energy (ZPE) and thermal contribution. The vibrational modes were examined using the ChemCraft program (Zhurko and Zhurko 2005) . Vibrational analyses indicated that all of the optimized structures are minima on the potential energy surface of the respective systems (all eigenvalues of the force-constant matrices were positive). Zero-point vibrational energies were evaluated and retrieved from frequency calculations. Theoretical energies were calculated with reference to the motionless state and ZPE values were corrected to obtain the corresponding correction for ZPE to obtain 0 K energies. Practical thermochemical measurements are carried out with vibrating molecules at finite temperatures (usually 298 K). Comparison of the theoretical with the experimental data required correction of the former for zero-point vibrational energies and thermal correction.
Single-point calculations were performed employing Density Functional Theory (DFT) at the B3LYP level (Becke 1988 (Becke , 1993 Lee et al. 1988 ) using 6-31 + G(d) basis sets. B3LYP is a three-parameter hybrid functional using the B88 exchange functional of Becke (1988) and the Lee, Yang and Parr (1988) correlation functional. Enthalpy, entropy and free energies of reactions were calculated on the basis of energies retrieved from Gaussian outputs.
The energies were further refined using the procedures of the multi-level complete basis set method, CBS-QB3, developed by Petersson and co-workers (Montgomery et al. 1999 (Montgomery et al. , 2000 . This involves a series of calculations that generally give gas-phase energies with an average error of ± 1 kcal/mol as compared to experimentally measured values for the G3 data set (Pokon et al. 2001) .
RESULTS AND DISCUSSION
Characterization of silica samples
The estimated moisture content of the silica was 25.52%, the high value being a reflection of the high hydrophilicity of the silica surface. The surface area of silica as determined by the BET method was 131.7 m 2 /g. The impure elements in silica were found to be Na, K, Fe, Zn, Mn, Cu, Ca and Mg at 13.04, 1.35, 0.04, 0.037, 0.003, 0.006, 0.028 and 0.027%, respectively. It should be noted that this silica produced through gel formation had a relatively high sodium content which may be attributed to the use of aqueous NaOH solution as a medium for dissolving silica from rice hulls to give sodium silicate. Figure 1 shows the zeta potential measurements obtained for silica, from which it is clearly seen that the silica particles were negatively charged over the pH range 3-12. The negative charge is completely offset at the point of zero charge (pzc), i.e. pH = 3. Below pH 3, the silica particles exhibited a positive charge indicating that H + and OHare the potential determining ions for silica (Fuerstenau et al. 1985) . 0.70 mmol/g. The silica surface is well known to be populated with silanol and siloxane groups. The adsorption of oleic acid onto a silica surface may be explained as proceeding via hydrogen bonding with the oxygen of the carbonyl group of oleic acid interacting with the proton of the silanol group. Meanwhile, the proton of the carboxyl moiety of oleic acid may also form hydrogen bonds with the oxygen of the silanol group. The mode of interaction may be represented as follows:
Adsorption isotherm of oleic acid on silica
The Langmuir adsorption model was applied to the adsorption data for oleic acid onto silica via the equation:
(1)
where C e is the equilibrium concentration (mmol/l), q is the uptake at equilibrium (mmol/g), Q max is the maximum adsorption capacity (mmol/g) and K ads is the binding constant (l/mol). The plot of C e /q versus C e gives a straight line whose slope and intercept are equal to 1/Q max and 1/Q max K ads , respectively. Figure 3 show a plot of the adsorption data for oleic acid onto silica in terms of the Langmuir model. The values of Q max and K ads were calculated as 0.75 mmol/g and 181.72 l/mol, respectively. The close similarity of the calculated value of Q max to that obtained experimentally implies the suitability of the Langmuir model for describing the adsorption process. The value of the binding constant, K ads , was used to calculate the standard adsorption free energy (∆G 0 ) for oleic acid onto silica using the relationship (Bentiss et al. 2005 ):
(2) where 55.5 is the number of water molecules per litre (mol/l), ∆G 0 is the free energy of adsorption (J/mol), R is the gas constant [8.314 J/(mol K)] and T is the absolute temperature (K). The value of ∆G 0 calculated from the data obtained in the present studies was -23.1 kJ/mol, the negative value indicating the spontaneity of the adsorption process. This value of ∆G 0 is comparable to that obtained previously for this system and indicates that physisorption via hydrogen bonding occurred between oleic acid and the -OH group of the silanols covering the silica surface.
Quantum chemical calculations
Structures
Optimized structures for the reactants (silanol, hydrated silanol, propanoic and butanoic acids) and products involved in the reaction of silica models with oleic acid models at the CBS-QB3 level of theory are displayed in CBS-QB3 levels are collected in Tables 1 and 2 . Supplementary data relating to energies calculated at the B3LYP/6-31 + G(d)//HF/6-31 + G(d) and the CBS-QB3 levels are collected in Tables S1 and S2, respectively. Hydrogen bonding leads to geometrical changes in the hydrogen-bonded -OH group. The -OH involved in hydrogen bonding is slightly elongated compared to free -OH bonds (0.960 Å versus 0.973 and 0.985 Å for mono-and di-hydrated silanol, respectively) at the CBS-QB3 level (see Figures 4 and 5 ). In addition, the length of the water -OH group involved in hydrogen bonding in the dihydrated silanol also increases compared to the situation in the free water molecule (0.962 Å versus 0.974 Å). The Si-O distance and the SiOH angle are affected to a greater extent by hydrogen bonding in the monohydrated silanol relative to the dihydrated variety. The HOH angle is also enlarged by ca. 1°upon hydrogen-bond formation.
(b) Propanoic and butanoic acids (oleic acid model): Two conformations of the modelled acids have been calculated (see Figure 6 ). The results indicated that the syn conformation was more stable than the anti one by 6 kcal/mol and 5 kcal/mol, respectively, at the B3LYP/6-31 + G(d)//HF/6-31 + G(d) and CBS-QB3 levels, possibly due to hydrogen-bond formation between SiOH CH 3 CH 2 COOH SiOH CH 3 CH 2 CH 2 COOH the hydrogen of the -OH group and the carbonyl oxygen. For this reason, we will consider only the most stable syn form in the subsequent discussion. Propanoic and butanoic acids have similar geometries in their syn conformations. Moreover, most of the geometrical parameters of the two acids are comparable, thereby indicating that these systems may be used as a good model for representing long-chain fatty acids.
(c) Adsorbed propanoic and butanoic acids: The interaction of acids with silica takes place through hydrogen bonding with the -OH group of the silanol moiety that covers the silica surface at temperatures up to 973 K. One and two hydrogen-bonded interactions have been considered for propanoic acid in its interaction with silanol, but only double hydrogen bonding in the case of butanoic acid. Hydrogen bonding is accompanied by elongation of the -OH bond involved in bonding compared to the situation in the free state. The insight provided by Figure 7 
Energetic and thermodynamic parameters
Zero-point corrected energies (∆E 0 ) and thermodynamic parameters (∆S 0 , ∆H 0 and ∆G 0 ) were calculated from the following equation:
where n = 0, 1, 2 and X = E, S, H and G. At both HF and B3LYP, bare and monohydrated silanol yielded negative entropy values when they interacted with different adsorbates. On the other hand, two water molecules on the silica surface (silanol) yielded positive entropy values when they reacted with oleic acid models. The positive values for the adsorption entropy suggest that the adsorption system as a whole was in a high state of disorder at equilibrium. At the CBS-QB3 level, direct interaction of the acids with the silanol group (bare surface) led to a higher negative enthalpy for the bonding of two hydrogen atoms (ca. 44.4-45.4 kJ/mol each) but the value of ∆G 0 301 K was small (-5.4 kJ/mol) compared to the experimental value of -23.1 kJ/mol. This was due to the negative entropy which opposes the negative enthalpy term, as given in Table 1 . However, when the monohydrated silanol groups interacted with the free fatty acids when considered as model acids, they gave a free energy of reaction ∆G 0 301 K which was in modest agreement with the experimental data, i.e. -16.2 kJ/mol compared to -23.1 kJ/mol from theory and experiment, respectively. The dihydrated silanol model gave a ∆G 0 301 K value of -24 kJ/mol, in perfect agreement with our experimental value. Inspection of the data listed in Tables 1 and 2 reveals that the adsorption process for bare and monohydrated silanol was dominated by the enthalpy term. On the other hand, the fact that the dihydrated silanol model gave the closest agreement with experiment indicates that the adsorption process was dominated by the entropic term. Reported experimental data (Topallar and Bayrak 1999) indicate that different fatty acids (myristic, palmitic, stearic) adsorb onto rice hull silica with free energies of reaction of -26.1, -26.4 and -26.7 kJ/mol, respectively. Moreover, the adsorption of fatty acids (C10, C12, C14, C16 and C18) onto montmorillonite at 298 K is accompanied by free energies of reaction in the range -25 kJ/mol to -29 kJ/mol (Bayrak 2006) . Such magnitudes for the free energies of reaction indicate that the various fatty acids studied were physisorbed onto the silica and montmorillonite surfaces. The adsorption of benzoic acid onto silica gel gave a free energy of reaction of -19 kJ/mol (Zhao et al. 1994) .
SUMMARY
Silica gel was obtained from rice hulls ash by treatment with NaOH and H 2 SO 4 . The gel thus obtained was characterized by an amorphous structure and a highly negative surface with a BET surface area of 131.7 m 2 /g. The adsorption of oleic acid onto this silica surface was explained by hydrogen bonding. Density Functional Theory (DFT) at the B3LYP level and ab initio calculations at the CBS-QB3 level were used to study the structures and thermodynamics of the reaction of propanoic and butanoic acids (as models for oleic acid) with silica. The silanol molecule was used to model the silica surface with bare, mono-and di-hydrated silanol being used for the modelling. Energy calculations were carried out at the B3LYP/6-31 + G(d) and CBS-QB3 levels of theory.
The results obtained can be summarized as follows. Interaction of the two acids with bare, mono-and di-hydrated silanol gave free energies of reaction of ca. -2, -8.5 and -12 kJ/mol, respectively, at the B3LYP/6-31 + G(d)//HF/6-31 + G(d) level. The dihydrated silanol was expected to give the best agreement at higher levels of theory compared to our experimentally estimated free energy of reaction of -23.1 kJ/mol. Hence, a bonding model involving two hydrogen atoms with dihydrated silica gives an accurate representation of the interaction between oleic acid and silica.
At the CBS-QB3 level, direct interaction of the acids with the silanol group (bare surface) gave a higher negative enthalpy for bonding involving two hydrogen atoms but the value of ∆G 0 301 K was small compared to the experimental value. This resulted from the negative entropy opposing the negative enthalpy term. However, when monohydrated silanol interacted with the free fatty acids representing model acids, this occurred with a free reaction energy, ∆G 0 301 K , in modest agreement with experimental data, i.e. -16.2 kJ/mol versus -23.1 kJ/mol from theory and experiment, respectively. The dihydrated silanol model gave a ∆G 0 301 K value of -24 kJ/mol, in perfect agreement with our experimental value.
